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Summary

The vertical wind or downdraft component of

a microburst-generated wind shear can significantly

degrade airplane performance. Doppler radar and

lidar are two sensor technologies being tested to pro-

vide flight crews with early warning of the presence
of hazardous wind shear. An inherent limitation of

Doppler-based sensors is the inability to measure ve-

locities perpendicular to the line of sight; this results
in an underestimate of the total wind shear hazard.

One solution to the line-of-sight limitation is to use
a vertical wind model to estimate the vertical com-

ponent from the horizontal wind measurement. The

objective of this study was to assess the ability of

simple vertical wind models to improve the hazard
prediction capability of an airborne Doppler sensor
in a realistic microburst environment. Both simula-

tion and flight test measurements were used to test
the vertical wind models. The results indicate that,

in the altitude region of interest (at or below 300 m),

the simple vertical wind models improved the hazard

estimate. The radar simulation study showed that

the magnitude of the performance improvement was
altitude dependent. The altitude of maximum per-

formance improvement occurred at about 300 In. At

lower altitudes, the improvement was minimized by
the diminished contribution of the vertical wind. The

vertical hazard estimate errors from flight tests were

less than those of the radar simulation study.

Introduction

Wind shear is considered by many in the avia-

tion industry to be a major safety issue. Numerous
accidents and incidents have occurred that were at-

tributed to low-altitude wind shear, which can be

found in a variety of weather conditions such as gust
fronts, sea breeze fronts, and mountain waves (ref. 1).

However, hazardous wind shear is most often associ-
ated with the convective outflow of thunderstorms

known as microbursts. A microburst is a strong lo-
calized downdraft that causes a significant outflow

as it impacts the ground (ref. 2). The hazard of
a microburst encounter occurs when a head wind

rapidly shifts to a tail wind as the airplane pene-
trates the outflow, which reduces the airspeed and

the potential rate of climb of the airplane. The po-

tential rate of climb of the airplane is further reduced

by the microburst downdraft. The general effect on

the airplane is a rapid loss of energy from which it
may not have enough altitude, airspeed, or thrust to
overcome.

The National Aeronautics and Space Adminis-

tration, in a joint effort with the Federal Aviation

Administration, has been conducting research in the

development of forward-look, airborne, wind shear

detection technologies. Forward-look systems warn

the flight crew of the presence of wind shear at low

altitude (under 305 m) in time to avoid the affected
area or to prepare for and escape from the encounter.

A fundamental requirement of such a wind shear de-

tection system is the ability to reliably estimate the

magnitude of an upcoming wind shear hazard along
the flight path of the airplane. Doppler radar and li-

dar are two technologies being tested to provide this

capability. Both measure the Doppler shift from rain
drops, aerosols, and other debris in the air to deter-

mine the line-of-sight relative velocity of the air.

An inherent limitation of this system is its inabil-

ity to measure velocities perpendicular to the line

of sight. The presence of a microburst can be de-

tected by measuring the divergence of the horizontal

velocity profile; however, the inability to mea.sure the
downdraft can result in a significant underestimate

of the magnitude and spatial extent of the hazard

(ref. 3).

One solution to the line-of-sight limitation of

Doppler sensors is to use a theoretical or empirical
model of a microburst to estimate the perpendicular

velocities from the measured line-of-sight values. A

preliminary assessment of this technique showed that

the microburst-generated downdraft could be esti-
mated at low altitudes with very simple vertical wind

models (ref. 3). This study was, however, limited in

scope. It assumed perfect knowledge of the horizon-

tal wind field produced by an idealized axisymmetric
microburst simulation.

The objective of this study was to assess the
ability of simple vertical wind models to improve the

hazard prediction of an airborne Doppler sensor in
a realistic microburst environment. Both simulation

and flight test measurements were used to test the

vertical wind models. A Doppler radar simulation

was used with a high-fidelity asymmetric microburst

model to establish the performance limits of the
vertical wind models and to establish the effects of

radar signal noise and measurement errors. Flight

test measurements from an airborne Doppler radar

were used to compute the vertical wind velocity in

front of the airplane. These velocities were compared
with onboard in situ measurements. The flight test

results were also compared with the expected results
established from the radar simulation.

Although the simulation and the flight test re-

sults presented in this report are for an airborne

Doppler radar system, the techniques for estimat-

ing the vertical wind velocity should be applicable to
other Doppler-based sensors such as lidar. However,



the performancewill varywith thesignalproperties
of thesensorandthespatialresolution.

This paperreviewsthewindshearhazardindex
knownasthe F-factor, which is used extensively to
quantify the hazard of a wind shear encounter. The
microburst simulation data sets used in the radar

simulation are introduced. The coordinate system,

the two vertical wind velocity estimation techniques,
the radar simulation, and the flight test data are then

described. The method of analysis and results are

also presented.

Symbols

F wind shear hazard index

F h horizontal component of wind shear
hazard index

Fv vertical component of wind shear
hazard index

F wind shear hazard index averaged over

specified distance

Fv vertical wind shear hazard index

averaged over specified distance

f(rm) empirical model radial shaping

function of radial wind velocity, m/s

g gravitational acceleration, m/s 2

g(r2m) empirical model radial shaping

function of vertical wind velocity

p(zm) empirical model vertical shaping

function of radial wind velocity

q(zm) empirical model vertical shaping

function of vertical wind velocity, m/s

R linear correlation coefficient

Res residual of linear least-squares curve

fit of radial velocity profile, m/s

rc sensor radial coordinate to origin of

microburst reference system, m

rm microburst-referenced radial

coordinate, m

rmax microburst radial coordinate of
maximum horizontal wind, m

rmi n minimum radar range

rs airplaine sensor-referenced radial

coordinate, m

TO8 velocity transformation matrix for
sensor elevation angle

2

Tom

TO8

t

Um

Um

?As

Uoo

V

Vg

Vm

V8

W

WS

wm

Z

Zm

Zmax

Z8

C_

velocity transformation matrix for

microburst azimuth angle

velocity transformation matrix for

sensor azimuth angle

time

microburst-referenced wind

vector, m/s

sensor-referenced wind vector, m/s

microburst-referenced free-stream wind

vector, m/s

microburst-referenced radial wind, m/s

sensor-referenced radial wind, m/s

microburst-referenced free-stream

radial wind, m/s

time rate of change of horizontal wind

component (tailwind positive), m/s 2

true airspeed at time of radar

measurement, m/s

ground speed, m/s

microburst-referenced velocity in 0m

direction, m/s

sensor-referenced velocity in 0s

direction, m/s

vertical wind component (updraft

positive), m/s

sensor-referenced velocity in Cs

direction, m/s

microburst-referenced vertical wind

component, m/s

coordinate in west-east direction about

center of microburst, m

coordinate in south-north direction

about center of microburst, m

coordinate in vertical direction, m

microburst-referenced vertical

coordinate, m

altitude of maximum horizontal

wind, m

altitude of sensor, m

empirical model shaping function
variable

empirical model scaling factor, s -1



Ar 8

At

 (Zm)

_m

88

0oo

sensor range bin length, m

time shift between radar and in situ

measurement, s

empirical model altitude weighting
function, m

sensor azimuth coordinate to

microburst reference system
origin, deg

microburst-referenced azimuth

coordinate, deg

airplane sensor-referenced azimuth

angle, deg

microburst-referenced azimuth of free-

stream wind, deg

airplane sensor-referenced elevation

angle, deg

Abbreviations:

AWDRS

TASS

2D

3D

Airborne Windshear Doppler Radar

Simulation Program

Terminal Area Simulation System

two-dimensional

three-dimensional

Wind Shear Hazard Index

The magnitude of the hazard posed by a

microburst to an airplane can be quantified through
the F-factor (ref. 4). The F-factor is a hazard in-

dex that represents the rate of specific energy loss

because of wind shear. For straight and level flight,
the F-factor can be expressed as

/t W

F - (1)
g V

Positive values of F indicate a performance-

decreasing condition. Conversely, negative values

indicate a performance-increasing condition. The

F-factor is directly related to the climb gradient ca-
pability of the airplane. For example, a value of F of

0.2 would indicate a loss in climb gradient capability
of 0.2 rad (11.5°). If an airplane had a maximum

climb angle capability of 10 °, it would be unable to
maintain level flight in that sustained wind shear en-

vironment. A wind shear is considered hazardous to

landing or departing airplanes if the F-factor average
over 1 km is 0.1 or greater (ref. 4).

The F-factor can be separated into a horizontal

component F h and a vertical component Fv, so that

F = F h + Fv (2)

where
/t

Fh = - (3)
g

W

Fv-- V (4)

Doppler-based wind shear sensors can only mea-

sure the line-of-sight divergence of the wind and
therefore can only determine the horizontal F-factor

component. The inability to measure the vertical

component can result in a significant underestimate
of the magnitude of the microburst hazard. For land-

ing or departing airplanes, the vertical component of
F can exceed half the total F-factor.

Microburst Simulation Model

The Terminal Area Simulation System (TASS)
high-fidelity microburst simulation model was used

in the development and the analysis of the down-

draft estimation techniques discussed in this paper.

TASS is a time-dependent, multidimensional, non-
hydrostatic, numerical cloud model that has been

used extensively in the study of microbursts (refs. 5
and 6). The model is initiated with the ob-

served environmental conditions (altitude profiles

of temperature, humidity, and wind) that existed

prior to microburst development and outputs a
three-dimensional time history of radar reflectivity,

winds, temperature, pressure, water vapor, rainwa-
ter, snow, hail, and cloud water. The model has

been validated with both ground-based and airborne

measurements (refs. 6 and 7). Microburst data sets

generated with TASS have also been selected by the
Federal Aviation Administration as test cases for cer-

tifying forward-look wind shear sensors (ref. 8). Al-

though TASS is much too complex to be practical

as a downdraft estimation model, it is very useful

for generating the high-fidelity data sets necessary
to evaluate such models.

Two TASS microburst data sets were used in this

study. One was an axisymmetric case (symmetric
about the vertical axis) with a 20-m grid resolution,

and the other was a three-dimensional asymmetric

case with a 200-m horizontal grid.

Axisymmetric Microburst Data Set

The axisymmetric data set used in the study
reported herein was also used in an earlier feasibility

study of vertical wind estimation techniques (ref. 3).
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In this study, it is usedto illustrate the general
characteristicsof a microburstwind field. These
characteristicsarediscussedin thesection"Vertical
WindModels."Theaxisymmetricdatasetextended
from the microburstcore to 4000m radially and
from the groundto 600m vertically. This wasa
subsetof the largerTASSmodeleddomain. The
modelwasinitiatedwith the atmosphericconditions
measuredbeforea microbursteventon August2,
1985,at Dallas-FortWorth InternationalAirport
(ref. 9). Four different times in the microburst
simulationwereselected,each2 minapart.Figure1
showsthewindvectorplotsfor thefourtimeperiods
selected.The first wasjust beforethe downdraft
impactedthe ground,whichwasat 9 min into the
microburstsimulation. The secondwasjust after
thedowndrafthit the groundandbeganto spread
out, whichwasapproximatelythetimeofmaximum
horizontalshear.Thethird wasat a pointwhenthe
outflowvortexwaswell defined,andthe last, near
theendof the life cycleof themicroburstevent.

Contourplotsof F-factor for an airplane flying
level at 130 knots are also shown in figure 1. Figure 2
shows the same data sets with the F-factor contours

computed without the vertical winds. The magni-

tude and spatial extent of the detectable hazard are

clearly diminished. This further illustrates the need
for some means of determining the magnitude of the

vertical winds.

Asymmetric Microburst Data Set

The asymmetric data set was used in the Doppler
radar simulation, which is described in section
"Radar Simulation." The data set was gener-

ated from an atmospheric sounding taken before a

microburst event on July 11, 1988, in Denver. This

event was inadvertently encountered by four suc-
cessive airplanes on final approach to the Stapleton

International Airport in Denver. This data set accu-

rately simulates the major features of the microburst-

producing storm and is discussed in detail in
reference 7. The data set extends 12 km in the

west-east direction (x-direction), 12 km in the south-

north direction (y-direction), and 2 km vertically

(z-direction), with a vertical resolution of approx-
imately 80 m. Only the data set from the lowest
600 m was used in this study. Three times from this

simulation were selected, each 1 min apart..Figure 3
shows the horizontal cross section of the wind vector
field at an altitude of 283 m for each of the three

times selected. Also shown in the figure is an out-

line of the simulated radar scan area that is discussed

later. At the bottom of the figure is the vertical cross

section of the wind vector field through the location

y = 0. The three times selected correspond to an in-

stant roughly 1 min prior, during, and 1 min after the
first of the four airliners encountered the microburst.

These times are also near the time of maximum shear

produce by the microburst.

Velocity Transformation Equations

Estimating the vertical wind with a microburst

model requires a transformation between the

cylindrical coordinate system (rm,Om,Zm) of the

microburst and the spherical coordinate system

(rs,¢s,Os) of the airplane sensor. The sensor is as-
sumed to be inertially referenced so that the airplane

motion is compensated for and is removed from the
sensor-measured velocities. Figure 4 shows the two

coordinate systems and their corresponding veloc-

ity components. The wind field is assumed to be
a microburst wind field superimposed on a uniform
horizontal wind field. The microburst vertical axis is

located in the sensor coordinate system at (rc,¢s,Oc).

The origin of the sensor coordinate system is at an

altitude Zs above the origin of the microburst co-

ordinate system. Derivation of the velocity trans-
formation equations and their spatial derivatives are

provided in the appendix.

Vertical Wind Models

Two vertical wind models are analyzed in this

report. The derivation of these models is provided
in this section. Both of the models determine the

vertical divergence GgWm/GgZrn from the measured ra-

dial wind profile with the mass continuity equation.
The vertical wind Wm is then determined from a

model-based relationship between the vertical diver-

gence and the vertical wind with altitude.

Estimating Vertical Divergence

The mass continuity equation for incompressible

flow in the microburst cylindrical coordinate system
is

1 0(rmUm) 1 i)v m OWm+ ---- + - 0 (5)
rm Orm rm OOm OZm

If the microburst is assumed to be symmetrical about

the vertical axis (OVm/OOm : 0) with no rotational

flow (Vm = 0), then equation (5) simplifies to

um + Oum OWm _ o (6)

The microburst radial velocity Um and the radial

shear OUm/i)rm can be determined from the sensor
measurements and the transformation equations of

4



theappendix.If thesensorelevationangleisassumed
to be levelwith the horizon(¢s = 0), then equa-
tion (7), which is equation (A46), can be used to

relate the sensor-measured radial shear OUs/Ors to
the microburst-referenced values:

0?is

OT s

OUm cos2(0 m _ Os) +Um sin2(0 m _ 0s)
0rrT_ rm

(7)

Figures 5 and 6, reproduced from reference 3,

show the radial profiles of the radial and the verti-

cal wind from the symmetrical microburst data set.
Figure 5 shows that near the core of the microburst

(from r -- 0 to r _ 1200 m) the radial velocity varia-

tion is nearly linear. Comparing figure 5 with figure 6

shows that this linear region corresponds to the pri-

mary downdraft region of the microburst for each of
the four times. The vertical velocity variations out-

side the core area are due to the outflow vortex ring,

which expands radially with time. In the linear core

region,
O_Zrr_ Urn

-- -- (8)
Orm rrn

and equation (7) simplifies to

OUs (0urn Urn

Ors Or?7_ rrn
(9)

Combining equation (9) with equation (6) yields a
simple relationship for the vertical wind divergence
as a function of the sensor-measured radial shear in
the core of the microburst:

Owm _ ( )Ozm k + -- -27 s (lO)

This relationship is not valid outside the microburst

core where the radial velocity profile becomes non-
linear. As the distance from the microburst core in-

creases, the ratio um/rm becomes small. If this term

is neglected, then equations (6) and (7) become

0_tn 0Win

--+ -0 (11)
Orm Ozm

and
Ous

_ Oum cos2(0 m _ 0s)
Ors Orm

respectively. Since 0 < cos2(0m - Os) <_ 1, then

(12)

OUs 0Urn

Ors Or_
(13)

or

0_2 s Ow m

Ors - Ozm
(14)

If this inequality is approximated as an equality,
then the magnitude of the resultant vertical wind di-

vergence estimate outside the microburst core may

be low. Underestimating the magnitude of the di-

vergence outside the core should not adversely im-
pact the hazard estimate since the vertical wind

in this region is generally characterized as either

performance-increasing updrafts or small scale down-

drafts, as shown in figure 6. Therefore, a practical

vertical divergence estimate outside the microburst
core is

Owm Ous
- (15)

O zm Ors

The vertical wind divergence can be estimated
from the sensor-measured radial wind profile with

equations (10) and (15). However, these equations

require the core of the microburst to be identi-

fied. The method used to identify the core of the
microburst from the sensor-measured radial veloc-

ity profile is discussed in the section "Analysis and
Results."

Linear Model

The linear model is the simplest of the two ver-

tical wind models used in this study. The model is
based on the assumption that there is no vertical

wind at the ground and it increases linearly with al-

titude (i.e., Owm/zm = Constant). The vertical wind

can be computed from the vertical wind divergence
as

0Win

Wm- Zm (16)
OZrn

Figure 7 shows the vertical wind variation with
altitude at the center of the microburst presented in

figures 5 and 6. The assumption of linearity appears

reasonable near the center, particularly at altitudes

below 400 m. At higher altitudes the linearity begins
to break down. Figure 8 shows the vertical wind

profile at a radius of 2000 m; the linearity breaks

down at this location as well. This nonlinearity

occurs primarily because of the outflow vortex, which
is generated when the downdraft core impacts the

ground and begins to diverge horizontally (ref. 3).

The degree to which these nonlinearities introduce
errors into the downdraft calculation is discussed in

the section "Analysis and Results."

Empirical Model

The empirical vertical wind model is based on
measurements of several microburst events. This

model utilizes the empirical microburst model devel-

oped by Oseguera and Bowles (ref. 10) and subse-

quently modified by Vicroy (ref. l 1). The model is



anaxisymmetric,steadystatemodelthat usesshap-
ingfunctionsto simulateboundarylayereffectsand
to satisfythe masscontinuityequation.The mass
continuityequation(eq.6) canbesatisfiedby solu-
tionsof theform

provided

Um= f(rm)P(Zm) (17)

Wm= g(r2m)q(zm) (18)

O[rmf(rm)]
-- 2g(r2_) (19)0rL

Oq(z.O
- Ap(zm) (20)

Ozm

where f(rm) and g(r2m) are the empirical radial shap-

ing functions for the radial and the vertical wind ve-

locities, respectively; p(zm) and q(Zm) are the ver-

tical empirical shaping functions for the radial and
the vertical wind velocities, respectively; and A is a

scale factor. The characteristic shape of the radial

and the vertical shaping functions is shown in fig-
ures 9 and 10. The shaping functions are used to ap-

proximate the characteristic profile of the microburst

winds. The radial shaping functions appear to com-

pare well with the axisymmetric microburst profiles

presented in figures 5 and 6, particularly for the first
two times. The radial profiles of the last two times

show the growth of the outflow vortex, which is not

modeled by the shaping function.

The equations for the shaping functions are

f(rm) = _ exp 2a J (21)

/exp 2-
9(r 2) = 1 - _ \ rmax ] J 2_

(22)

p(Zm) =exp(cl Zrn __exp(c2 Zm _ (23)

\ Zmax/ \ Zmax/

( Zm )q(zm) = _)_[Zmax exp Cl-- -- 1
[ Cl Zmax

z= m (24)

with

cl = -0.15

c2 = -3.2175

Zmax -_-- 60 m

(25)

(26)

(27)

6

The values of Cl, c2, and Zmax were selected from
curve fits of data from several microburst events.

Differentiating equation (18) with respect to altitude
yields

Owm _ 9(r2 ) Oq(zm) (28)
Ozm _z_

Substituting equation (20) for Oq(zm)/OZm yields

ÙWrn

lOZrn
- (29)

Combining equation (29) with equation (18) yields

where

o(zm) =

-q(zm) OWm Owm

 p(Zm) Ozm -  (Zm) (30)

)1Zmax exp Cl 1
el Zmax

exp

Zmax[exp(C2z- axC21)]
(31)

-- z_/t

exp(Cl_m_) -exp(c2 zm _\Zmax]

The vertical wind can now be computed from the

vertical wind divergence and the altitude dependent

function q.

Radar Simulation

The effects of measurement noise and signal pro-

cessing techniques on the vertical wind estimate were

determined with the Airborne Windshear Doppler

Radar Simulation (AWDRS) Program (ref. 12). The

simulation program computes the airborne radar
signal returns for a given TASS microburst simu-

lation and ground clutter map. The radar simula-

tion includes algorithms for signal filtering and auto-

matic gain control, as well as computing in-phase and
quadrature base-band signal components, Doppler

velocity, spectral width, and F-factor. The AWDRS

program requires the relative location of the airplane

and the microburst to the runway touchdown point
and the radar system parameters, such as antenna

pattern, pulse width, transmitted power, and an-
tenna elevation.

The AWDRS program was initialized with the
input data shown in table 1. The input data that

varied between runs, namely the airplane starting

range and the microburst position, are presented in
table 2. The TASS generated asymmetric microburst
data set was used for the radar simulation runs.

The airplane and the mieroburst starting positions



wereselectedso that the airplanewasat the same
horizontallocationrelativeto the microburst,and
at thedesiredtestaltitudeduringthethird scanof
the simulationrun. The data from the third scan
of eachsimulationwereusedin the analysis.The
third scanwasselectedto allow temporalfiltering
schemeswithin thesimulationto initialize.Scandata
werecollectedat six altitudes,from 100to 600m
in 100-mincrements,for eachof the three times
(t -- 49,50,and51min). Themicroburstwindfield
wasfrozenin timeduringeachradarsimulationrun.
The radarsimulationscanareais outlinedon the
microburstwindvectorplotsshownin figure3. The
azimuthscancovered-21° to 21°, in 3° increments.
Eachscanlineconsistedof 30rangebinseach150m
long,with the initial rangebin 425m in front of
the airplane.The resultantscanmeasurementgrid
is depictedin figure11.Theradarantennaelevation
anglewassetto 0 (levelwith thehorizon)for all but
the two lowestscanaltitudes. At thosealtitudes,
theelevationanglewassetslightlyabovethehorizon
to minimizegroundclutter returns. The elevation
anglefor the 100-and200-mscanswas1.185° and
0.470°, respectively.Contour plots of the true radial

velocity and the simulated radar measurement with

clutter and noise are shown in figure 12, for each of
the three microburst cases.

Flight Test Data

A series of flight tests were conducted during the

summers of 1991 and 1992 with a Transport Sys-

tems Research Vehicle (TSRV) Boeing 737-100 air-
plane at Langley that was equipped with a vari-

ety of prototype wind shear detection systems. The

tests were conducted near Orlando, Florida, and
Denver, Colorado. These two locations were se-

lected based on their climatology, which is conducive

to microburst development, and the availability of

ground-based Doppler weather radar coverage. The

Doppler weather radar was used to identify and to
direct the research airplane to potential microburst

activity. The microburst penetrations were typically
flown at airspeeds between 210 and 230 knots and al-

titudes between 244 and 335 m. Details of the flight
test procedure can be found in reference 13.

There were three forward-look wind shear detec-

tion sensors onboard the airplane: a passive infrared

sensor, a lidar, and a Doppler radar (refs. 14-17).
The ground-based Doppler weather radar wind di-
vergence measurements were also transmitted to the

airplane via radio data link and processed to compute

F-factor estimates. The airplane was also equipped

with a reactive, or in situ, system that computed
the F-factor of the airspace the airplane was cur-

rently flying through (ref. 18). The in situ F-factor
was used as a truth measurement for validation of
the forward-look wind shear detection sensors. The

F-factor predicted from the forward-look sensor was

compared with the in situ measurement of the air-

plane as it penetrated the scanned airspace. The

flight data in this study were limited to the onboard
Doppler radar and the in situ measurements.

A limited subset of the vast flight data collected

was selected for analysis in this study. This data

selection was based on the following criteria:

1. The Doppler radar had to be operating at

an antenna elevation of 0 (i.e., level with the
horizon) with a pulse width of 0.96 #sec.

2. The airplane had to be flying nearly straight
and level.

These flight requirements ensured that the airplane

flew through the same airspace that was scanned by
the radar. The pulse width restriction ensured that

the radar range bin size was the same bin size used

in the earlier radar simulation study. The microburst
events selected for analysis are listed in table 3.

Analysis and Results

The analysis of the vertical wind estimation tech-

niques was conducted in three parts. The objec-

tive of the first part was to determine how well the
simple vertical wind models estimate the microburst

winds independent of signal noise or measurement

error. This objective established the upper perfor-
mance limit for the vertical wind models. The second

part of the analysis focused on the effects of signal
noise and the measurement error on the vertical wind

estimation. The TASS generated microburst data
sets were used as the reference or truth for the first

and second parts of the analysis. The third part of
the analysis used the flight test measurements from

the airborne Doppler radar to compute the vertical

winds and to compare with the in situ measurements.
The flight test results were then compared with the

expected results established in the second part of the

analysis.

All the simulation analysis was conducted for alti-

tudes from 100 to 600 m. This range covers altitudes

above those for which a forward-look wind shear sys-
tem would be active. The altitudes above 300 m

were included in the analysis for comparison with the

results of the preliminary study of reference 3 and
to establish the altitude limit of the vertical wind

models.

7



Validity of Vertical Wind Model

Assumptions

The two vertical wind models of this study re-
late the horizontal shear to the vertical wind as a
function of altitude. These models share two basic

characteristics:

1. Divergent radial winds (positive shear) are
associated with downdrafts and conversely,

convergent radial winds (negative shear) are

associated with updrafts.

2. The magnitude of the vertical wind is propor-
tional to the magnitude of the shear.

An earlier study (ref. 3) established that these

two assumptions are reasonable for the simple ax-

isymmetric microburst case presented in figure 1.

Although some nficrobursts are roughly axisymmet-
ric, many are asymmetric. The validity of these

assumptions has not been established for

asymmetric microbursts. Figure 13 shows where
these assumptions are and are not valid for the asym-

metric microburst data set of this study. Shown in

the figure is the vertical wind at each radar range
bin plotted as a function of the radial shear. Also

shown in the figure are the two vertical wind model

functions. The data points that lie in the lower left

and the upper right quadrants of the graphs violate
the first of the assumed characteristics. The nonzero

data points that lie along the vertical axis violate
the second assumed characteristic. Both basic as-

sumptions appear reasonable at the lower altitudes

(z < 300) and for the earliest of the three times.
At the later times and the higher altitudes these as-

sumptions break down. There appears to be very
little correlation between the radial shear and the
vertical wind above 300 m for t -- 51 min.

Microburst Core Criteria

The vertical wind divergence (which is used in

the vertical wind models) can be estimated from
the sensor-measured radial wind with equation (10)

or (15), depending on whether the estimate is inside
or outside the downdraft core. Near the downdraft

core, the radial velocity variation is nearly linear for

the symmetrical data in figures 5 and 6. Figure 14
shows the vertical wind contours for the asymmetric

microburst data at each scan altitude, with the w = 0

contour line highlighted in white. The white contour
line was considered to outline the downdraft core.

On the right side of the figure are the corresponding

contour plots of the linear correlation coefficient R

of the radial wind profile. The linear correlation

coefficient was computed from a moving, 5-point

linear least-squares fit of the radial wind profile. The

linear correlation coefficient for range bin i along scan

line j was defined as

--2Usi_2,j -- USi_l,j + Usi+l,j + 2Usi+2,j (32)Ri,j ----

10 E u_,j-2 =_/_2u_j
k=i-2 k

The value of R varied from -1 to 1 with the magni-

tude indicating how linear the 5 data points were, a
value of 1 or -1 being linear and 0 being nonlinear.

The sign of R corresponded to the sign of the slope
or shear.

The w = 0 contour line was repeated on the R

contour plot to evaluate the correlation between a

positive linear shear and the downdraft core. As can

be seen in figure 14, the region of positive linear shear
encompasses most of the downdraft region. Once

again, the lower altitudes provided the best results.

At the higher scan altitudes, there were small regions
of strong downdraft with either nonlinear or negative
shears. This condition was assumed to be due to

smaller microbursts being generated within the larger

one.

The effect of measurement noise is shown in fig-

ure 15, which is the same as figure 14 except that the
linear correlation coefficient was computed from the
simulated radar-measured velocities. The measure-

ment noise and the signal filtering reduce the region
of positive linear shear, particularly at the lower al-

titudes where ground clutter is a major factor.

The correlation between the downdraff core area

and the area of positive linear shear was signifi-

cantly eroded when the effects of noise were in-

cluded. Lacking any other mechanism to distinguish
the downdraff core, R _> 0.9 was selected to represent
the microburst core area and R < 0.9 the area out-

side microburst core.

Radar Simulation Results

The vertical wind models were first tested inde-

pendent of signal noise or measurement error to es-
tablish their upper performance limit. The true ra-

dial velocities, shown on the left side of figure 12,

were used to compute the radial shear. The shear

was computed in conjunction with the linear correla-
tion coefficient by using a 5-point linear least-squares

fit. The equation for the radial shear (slope of the

linear fit) at range bin i along range line j is

Ous_ = --2Usi_2,j
Ors ] i,j

-- Usi_l, j "_- Usi+l, j _- 2usi+2,j

10 Ars

(33)



The verticaldivergenceOwm/OZm was then com-

puted with equation (10) or (15), depending upon the
core criteria established in the previous section. The

vertical divergence was then used in either the linear

or empirical model to compute the vertical wind for

that range bin. The computed vertical winds were

constrained between 10 and -20 m/s to preclude
unrealistic estimates. A flowchart of the vertical wind

calculation process is provided in figure 16.

The vertical wind computed from the two models

and the true vertical wind are shown in figure 17. At
the lower three scan altitudes, the difference between

the two models is small, with both slightly under-

estimating the magnitude and the spatial extent

of the downdraft. At the upper three altitudes,

the empirical model produces stronger downdraft
estimates than the linear model, which continues

to underestimate the magnitude. Neither model

replicates the spatial extent of the downdraft at the

upper scan altitudes. This is because of the poor
correlation between the positive radial shear and the

downdraft region at these altitudes.

The error in the vertical wind estimation was

defined as the computed value subtracted from the

true value. The error was computed at each range
bin of the scan for both models. The mean and the

standard deviation of the error were then computed

for each scan altitude. Thc results are shown in figure
18 along with the error statistics that result when

the vertical wind is neglected (assume w = 0, which

represents the lower limit of model performance).
The statistics confirm the qualitative assessments of
figure 17. The mean and the standard deviation
of the error increase with altitude. Both models

tended to underestimate the downdraft; however, the

empirical model did slightly better but often with a
larger standard deviation. These results agree with

those of reference 3, in which a similar analysis was

conducted with the symmetrical microburst data set

shown in figure 1.

Vertical wind estimation with measure-

ment error. The second part of the analysis com-
puted the vertical winds with the simulated radar

measurements, which included the effects of ground
clutter and signal noise. The analysis described in

the previous section was repeated by using the simu-

lated radar velocity measurements shown on the right

side of figure 12 as input to the vertical wind cal-
culation. The mean and the standard deviation of

the simulated radar radial velocity measurement er-

ror were computed at each scan altitude to establish

the fidelity of input to the vertical wind calculation.
Figure 19 shows the mean and the standard devi-

ation of the simulated radial velocity measurement

error. The mean error varied from -2.0 to 2.3 with

standard deviation from 2.6 to 6.4 m/s.

The effect of the radar measurement error on the

vertical wind estimation can be seen in figure 20,

which shows the true vertical wind and the computed
vertical wind from the two models at each scan

altitude. When compared with figure 17, it can be

seen that the performance of the vertical wind models

is sensitive to the fidelity of the radar measurement.

The magnitude of this sensitivity is presented in
figure 21 in terms of the mean and the standard
deviation of vertical wind estimation error which

includes the effects of radar measurement error. The

estimation error results with no radar measurement

error, which were presented in figure 18, are also
shown to establish the performance limits of the
models.

Vertical F-factor error. The effect of the

wind measurement error on estimating the vertical

component of the hazard was assessed by computing
the vertical component of the 1-km averaged F-factor

for each range bin. Recall that a 1-kin averaged

F-factor of 0.1 or greater is considered hazardous.
The vertical F-factor Fv was first computed for each

range bin and then averaged over seven successive

range bins (1050 m) along the scan line to derive the

averaged vertical component of the hazard estimate.

The equation for the average vertical F-factor at
range bin i is

k=i+6 k=i+6
-- 1 --1

Fvi=_ _ Fvk--_ __, wk (34)
k-i k-i

Figure 22 shows the truc Fv and that computed
with the vertical wind estimates derived from the

true radial winds (i.e., the vertical winds in fig. 17).
The Fv contours of figure 22 are very similar to the

vertical wind contours of figure 17. The true Fv ---

0.05 contour is highlighted in white to distinguish the
area where the vertical contribution is at least half

of the hazard alert threshold. Note that the area

in which Fv exceeds 0.05 can be large, even at the

lower altitudes where the vertical wind magnitude is
reduced.

Figure 23 shows the Fv contours computed with
the vertical wind estimates that included measure-

ment error effects (i.e., the vertical winds of fig. 20).

As with figure 22, the true Fv -- 0.05 contour is high-

lighted in white. The difference between the Fv con-

tours with and without measurement errors (figs. 23
and 22, respectively) is much less than the difference
between the vertical wind contours with and without

measurement errors (figs. 20 and 17, respectively).



This differenceis due to the filtering effectof
averagingtheverticalF-factor component.

The Fv error was computed in the same man-
ner as the vertical wind error. The mean and the

standard deviation of the Fv error are shown in fig-

ure 24 for each scan altitude. As with the vertical

wind errors, shown in figure 21, the Fv error in-
creased with altitude. The mean of the Fv error, with

the measurement error effects, varied from 0.0003 to

0.075, and the standard deviation varied from 0.015
to 0.083. At the altitudes of primary interest for

wind shear detection, at or below 300 m, the mean
error was between 0.010 and 0.042 with the standard

deviation between 0.014 and 0.028.

The improvement in the hazard estimate achieved

through the vertical wind estimation models was

assessed by computing the percent improvement in
the Fv estimate. The percent improvement was

computed relative to neglecting the vertical wind
contribution as follows:

Percent improvement = 100 x (1 )
Errormodel

\

(35)

With the above formulation, a 100-percent im-

provement would correspond to a perfect estimate
from the model, and a negative percent improvement
would indicate that the model estimate was worse

than the neglected vertical contribution. Figure 25

shows percent improvement in the mean error of the
two vertical wind models with and without the mea-

surement error effects. Figure 26 shows the corre-

sponding percent improvement of the standard devi-
ation. The effect of the measurement error on the

model performance is clearly shown in these figures.
The simulated measurement error reduces the per-

cent improvement to about one half of that achieved

with perfect radial velocity measurements. The mea-
surement error effect on the standard deviation is

much less.

The altitude of maximum performance improve-
ment of the models is about 300 m for both the mean

and the standard deviation. Above 300 m, the per-

cent improvement in the mean error gradually di-
minishes. The percent improvement in the standard

deviation is much less and rapidly diminishes at the

higher altitudes. At the lower altitudes, the percent

improvement in the mean and the standard devia-
tion is minimized by the diminished contribution of
the vertical wind.

Total F-factor error. The effect of the vertical
wind model errors on the total hazard estimate was

determined by repeating the Fv analysis for the

1-km F. The /t term in the horizontal component

of the total F-factor was approximated as

(_Us

iz _ _---Va (36)
ars --

m m

Figure 27 shows the true F and F computed with
the vertical wind estimates derived without radar

measurement errors. The true F = 0.1 contour is

highlighted in white to distinguish the areas exceed-

ing the hazard alert threshold. The F contours of

figure 27 are basically the same shape as the Fv con-
tours of figure 22 with about a 0.05 increase in the

magnitude of F. This increase would indicate that
the vertical component of the F-factor significantly
contributes to the total F-factor for this simulated

microburst with the aircraft at the assumed airspeed

of 130 knots. This condition is illustrated in figure 28,
which shows the contours of horizontal and vertical

components of the true F-factor relative to the total.

Figure 29 shows the true F contours and those

computed with the vertical wind estimates that
included measurement error effects. As with the pre-

vious two figures, the true F = 0.1 contour is high-

lighted in white to distinguish the hazard threshold.

The primary effect of the measurement error on the
contours was an increase in the magnitude of the

maximum and minimum values. This effect is il-

lustrated by contrasting figure 27, which does not
include measurement error effects, with figure 29,
which does. This increase in the extremes is due

to the compounding effect of the measurement error,
which is a factor in the vertical wind estimate. The

vertical wind estimation technique acts as an altitude

dependent amplifier of the horizontal shear measure-
ment. Consequently, the vertical wind estimate is
sensitive to noise in the horizontal shear measure-

ment, and this sensitivity increases with altitude.

The mean and the standard deviation of the F er-

ror are shown in figure 30 for each scan altitude. The
mean F error was about the same as the mean Fv

error. However, because of the compounding effect of

the measurement error, the standard deviation of the

error was larger. The mean of the F error, with

the measurement error effects, varied from 0.007 to

0.094, and the standard deviation varied from 0.029
to 0.089. At altitudes at or below 300 m, tile mean

error was between 0.019 and 0.057, with the standard
deviation between 0.029 and 0.049.

Figure 31 shows percent improvement in the
mean error of the two vertical wind models, with

and without the measurement error effects. The

curves for the improvement in the mean error of F

are similar to those for Fv in figure 25. As for Fv,
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the altitudeof maximumperformanceimprovement
occursat about300m.

Figure32showsthe correspondingpercentim-
provementof the standarddeviation.Thepercent
improvementin thestandarddeviationof F is much

less than that of Fv. The compounding effect of

the measurement error is clearly seen. The nega-
tive percent improvement values at altitudes above

200 m indicate that the standard deviation was larger

than that from neglecting the vertical wind. The dif-
ference between the results with and without mea-

surement error indicates that the standard deviation

could be improved by reducing the measurement er-
ror below 300 m. Errors in the vertical wind models

limit the improvement above 300 m.

Flight Test Results

The flight test data analysis consisted of com-

puting Fv from the onboard Doppler radar measure-

ment and comparing it with the in situ measurement,
which was assumed to be the true value. The verti-

cal wind was computed with both the linear and the

empirical models. The results of the flight test data
analysis were then compared with tile radar simula-
tion results.

Tile onboard in situ system only measures the
F-factor along the flight path of the airplane. There-

fore, the radar estimates of Fv can only be com-

pared with the ill situ at range bins along the flight

path. As tile airplane approaches a given point along
the flight path, tile point may have been scanned

several times at various ranges froln the airplane.

This situation leads to a variety of possible meth-
ods to compare tile radar measurements with the

in situ nmasurements. For this study, a rather sim-

ple method was selected whereby the radar measure-

inent at a fixed range directly in front of the airplane
was compared with the in situ measurement of that

airspace. Tile range selected was 2 km. This range
was close enough to the airplane to nfinimize the ef-

fect of nlicroburst dynamics and airplane maneuver-
ing between the radar and in situ measurements and

yet provided sufficient range for the radar signal ill-
tering algorithms to be effective.

Tile radar measurements at 11 successive range

bins were required to compute Fv at a given range.

Range bin 10 along the 0 azimuth line corresponded

to the forward-look point at 2 km, as shown in fig-
ure 33. The radar measurements from range bins 5

through 15 were used in the data analysis. The radial

shear and corresponding vertical wind estimate were

computed with the calculation flowchart provided in
figure 16 for range bins 7 through 13. The radar al-
gorithm had one additional calculation not shown on

the flowchart. The algorithm computed the residual
of the linear least-squares fit for the radial shear. The

residual at range bin i was defined as

(Ous] 1

k=-2 j=i-2 J

(37)
If the residual of the linear fit exceeded the residual

threshold of 3.0 m/s, the radial shear was set to 0.
This resulted in a vertical wind estimate of 0 for that

range bin.

After the radial shear and vertical wind were com-

puted for range bins 7 through 13, the 1-km averaged
vertical F-factor for range bin l0 was computed as

-- -1 k=13

Fvlo = _ Z wk
k=7

(38)

where V was the true airspeed of the airplane at the
time of the radar measurement.

To compare the in situ and the radar measure-

ments, the time scale for the radar measurement was

shifted by the time required for the airplane to reach
the radar measured location. An additional 5-s shift

was applied to correct for the lag in the in situ mea-

surement because of its gust rejection filter (ref. 18).
The total time shift applied to the radar measure-
ment was

At = rmin + 9.5Ar_ + 5 (39)
Vq

For the events selected, the minimum radar range
(rmin) was 781 m and the range bin size Ars was

144 m. The ground speed Vg was that of the airplane
at the time of the radar measurement.

Figure 34 shows the f v of the in situ measure-

ment and the radar estimate at range bin 10 for the

events listed in table 4. Also shown in the figure is
the linear correlation coefficient R of the in situ mea-

surement and the radar estimate with the linear and

the empirical model. The radar measurements that

exceeded the residual threshold over the averaging in-
terval were excluded from the correlation statistics.

Under such conditions, radar estimate of Fv defaults
to zero.

Figure 35 shows a summary, plotted from best to
worst, of the correlation coefficients for the events.

Also shown in the figure are the maximum, mini-
mum, and average altitudes during the event. The
best correlation between the in situ and the radar

measurements occurred in event 548. However, this
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eventhadalargepercentof the data exceed the resid-

ual threshold and therefore provided no estimate of
Fv. Events 438, 463, 464, 553, 555, and 573 all

showed consistent correlation results, with values of

R ranging from 0.778 to 0.656 with the linear model

and 0.753 to 0.647 with the empirical model. The
worst results were obtained from events 454, 554,

and 556, with a negative correlation for event 454.

These events also had the largest variation in alti-

tude throughout the run; this indicates that perhaps

the air mass measured by the radar was not the same

air mass measured in situ. However, this hypothesis
is not conclusive because event 548 yielded good re-

sults with an altitude variation only slightly less than
event 454.

The estimated F_ (excluding values of 0) and the
in situ measurement for all the selected events are

shown in figure 36. Also shown in the figure are
the lines of perfect agreement and of the standard

deviation of 1 and -1 about the average error. The

average error for the linear and empirical models
was 0.0001 and -0.0007, with standard deviations

of 0.0087 and 0.0093, respectively. The standard

deviation lines shown on the figure are the maximum
of the two models. The correlation coefficient for

the linear and the empirical model was 0.561 and

0.557, respectively. If the events in which the altitude

variation exceeded 200 m (events 454, 548, 554, and

556) are excluded, then the correlation coefficient
for the linear and the empirical model improves to

0.659 and 0.648, respectively. The corresponding

average error for the linear and the empirical models
is -0.0007 and -0.0017, with a standard deviation

of 0.0077 and 0.0083, respectively.

Comparison of Simulation and Flight Test
Results

Table 4 lists the mean and the standard devia-

tion of the Fv errors from the flight test and the
radar simulation at 300 m. The errors from the flight

test were much less than predicted from the simula-
tion, which could be due to a number of differences

between the simulation and the flight test. The sim-

ulated ground clutter environment may have been
more severe than the clutter experienced in the flight

test. The simulation errors were computed across the

radar scan for a single microburst model at three dif-
ferent times. The flight test errors were computed at

a single range bin for a variety of microbursts events.

The microburst model used in the simulation pro-
duced a maximum Fv value of approximately 0.20,

which was 4 times larger than any of the flight test

events. This larger Fv resulted in the potential for
much larger errors in the simulation. The values of

12

Fv of the simulation were larger in part because the

airspeed of the simulation (130 knots) was less than

the flight test (210 to 230 knots). Recall from equa-

tion (4) that the vertical F-factor is inversely pro-
portional to the airspeed. For the same downdraft,

an airplane traveling at 130 knots would experience

a vertical F-factor 1.7 times greater than an airplane

flying at 220 knots. The bottom row of table 4 lists
the Fv errors from the flight test corrected from 220

to 130 knots. The airspeed corrected results were
still less than the radar simulation.

Concluding Remarks

The objective of this study was to assess the abil-

ity of simple vertical wind models to improve the

hazard prediction capability of an airborne Doppler
sensor in a realistic microburst environment. The re-

sults indicate that, in the altitude region of interest

(at or below 300 m), both the linear and the empirical

vertical wind models improved the hazard estimate.
The radar simulation study showed that the magni-

tude of the performance improvement was altitude

dependent. The altitude of maximum performance
improvement occurred at about 300 m. At lower al-

titudes, the percent improvement was minimized by
the diminished contribution of the vertical wind. The

performance difference between the two models was
small.

The results of the radar simulation study showed

that the measurement error due to signal noise and
clutter can significantly degrade the wind shear haz-

ard prediction. The radar measurement errors not

only degrade the horizontal shear hazard prediction

but also propagate the errors to the vertical hazard

estimate. These errors can reduce the percent im-
provement of the vertical hazard estimate to about

half of that achieved with perfect radial velocity
measurements.

The vertical hazard estimate errors from flight
tests were less than the radar simulation results.

This difference may be due to the lower magnitude

of the flight test events relative to the microburst

data sets used in the radar simulation or to an overly
conservative simulation of the radar measurement

error.

The vertical hazard estimate could be signifi-

cantly improved by reducing its sensitivity to the
radar measurement error. This study was limited to

processing a single radar scan to estimate the verti-
cal wind. Methods of processing multiple radar scans

at different elevation angles may reduce the measure-

ment error sensitivity and improve the vertical haz-
ard estimate.



Appendix

Transformation Equations

The following transformation equations relate the microburst-referenced velocities defined in a cylindrical

coordinate system to the forward-look airborne sensor-measured velocities defined in a spherical coordinate

system, as shown in figure 4.

The microburst velocities (Um,Vm, and win) can be transformed to sensor-referenced velocities (us,Vs,
and ws) through

(US)vs (COSOs 0 si Csl(COSOSo 1 no cOsSsSin0s i) I(COS0msin00rn --COS0rnSin0rn0)(0 Urnvrn) + (Uo_COS0cC)JUoeS:0oc
= - sin 08 " (A1)

ws -sines 0 cosCs] 0 0 0 1 wrn

or, in matrix form,

Us = T¢sT0 s (T0rnUrn + Uoo) (A2)

Conversely, the sensor velocities can be expressed in terms of the microburst velocities as

Urn = To I(To. 1T:IUs - Uoc)
rn 8 _/)S

(A3)

The spatial derivatives of the sensor velocities, which are used in the F-factor calculation, can be derived from

equation (A2) as

T OUmOUs _ WcW0_ (OWorn Um+ (A4)oi'= t oi'= o= )

OUs

OCs
0T¢_ { OTorn OUm \

-- OCs Tos(WornUm+U°c)+W¢'_Wost-_-s Um+Worno-_-s )
(A5)

OUs OTo8 l" OTorn OUm \

OOs -To'_O_-s (TOmUm +v_)+TC TOst_-s U mTT0rn--0-_-s ) (A6)

Equations (A4), (A5), and (A6) can be expanded by using the following geometric relationships and their

spatial derivatives:

rm = d(rs cos Cs cos Os - rc cos Cs cos Oc) 2 + (rs cos ¢s sin Os - rc cos ¢s sin Oc) 2 (AT)

r_ cos ¢_ cos O_- I'_cos ¢_ cos O_
COS 0 m _--

rm

rs cos Cs sin Os - rc cos Cs sin Oc
sin Om =

l"m

Zm = rs sin Cs + zs

The partial derivatives with respect to the sensor radius rs are

(A8)

(A9)

(AIO)

t_r m

0i's - cos Cs cos(0m - 0s) (All)

OOm

C_rs
_ cos Cs sin(0s - Ore)

I'm

OZm
-- sin Cs

Ors

(A12)

(A13)
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//- sin Om - cos Om
OTOm __ OOm OTO m costs sin(Os - Ore) [ cosOrn -sinem

Ors Ors OOm rm \ 0 0

OUm Orm OUm OOm OUm OZm OUm
- + +

Ors Ors Orm Ors i)Om Ors i)Zm

The partial derivatives with respect to the sensor azimuth 0s are

(A14)

(A15)

c_r m

OOs
-- cos ¢s sin(0m - Os) (A16)

OOm rscosCs
- -- cos(0_ - 0_)

OOs rm

OZm
--0

OOs

- sin0m - COS0 m
OTo_ _ OOm OTo mrs cos Cs cos(0m - Os) cos Om - sin Om

OOs OOs OOm rm 0 0

-- sin Os cos Os
--cos0s --sin0s

OOs 0 0

OTos _

OUm Orm OUm i)Om OUm
- + +

i)Os OOs Orm oqOs OOm

The partial derivatives with respect to the sensor elevation Cs are

OZm OUm

OOs OZm

o)0

0

(A17)

(A18)

(A19)

(A20)

(A21)

(9?-m
-- rm tan Cs

0¢s
(A22)

OOm
--0

0¢_

OZm
-- r s cos _s

0¢_

OT o_ _ OOm OT om _ 0
OCs 0¢8 OOm

0Tcs - (-s0nCs 00 eosCs0

OCs \-cosCs 0 -sines

OUm Orm OUm OOm OUm
-- +

0¢_ 0¢_ Orm 0¢_ OOm

(A23)

(A24)

(A25)

(A26)

+ OZm 0Urn (A27)
0¢80zm

Simplifying Assumptions

The transformation equations are simplified by assuming the microburst is symmetrical about the vertical

axis with no rotational velocity; therefore,
OUm

- 0 (A28)
OOm

and
vm = 0 (A29)
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Spatial Velocity Gradient Equations

Under the assumptions stated above, the spatial velocity derivatives in the microburst-centered coordinate

system can be transformed to the sensor coordinate system as

OUs [COUm cos2(0 m _ 0s) + -- sin2(0m -- 0s) cos 2 Cs
i0rm rm

(OUm _) OWm+\OZm + cos(0m -Os)cosCssinCs+ 0--_m sin2 Cs
(A30)

gUm sin(0m - Os) sin Cs (A31)Umrm cos(0m - 0s) sin(0m - 0s) cos Cs +

OW 8 OW m

Ors COrm
COUmcos(0m -- 0s) sin 2 Cs

cos(0m - 0s) cos2Cs -

_[ COUm COS2 (0m -- 0s) ÷ -- sin 2 (0m - 0s) ÷ cos Cs sin ¢s
kCOrm rm

(A32)

COus {_ss -- cosCs umsin(Om -- Os) ÷ ucc sin(0oc -- 0s)

COwm+ rs sin (0m -- 0s) sin Cs _ ÷ cos Cs cos(0m -- Os) (COum\ COrm

COUs

COOs ( COum- cos ¢_ r_ cos ¢_ Ozm

+ sin Cs Its COWmcos ¢_

COu77t__rm
-- - rm tan Cs O_m Um

(A34)

• ( COUm COUm_ (A35)
COVs __ sin(Ore Os) rs
COOs - cos Cs 0_m rm tan ¢s COrm]

Ows _ sin Cs rs cos Cs 0_m-m - rm tan Cs corm ]CO¢_

COWm COwm 1÷ sin Cs rsCOSCs_zm rmtanCs-4-- UmCOS(Om--Os)--UocCOS(Ooc--Os)orrn

(A36)

Small Angle Approximation for Cs

If Cs is assumed to be small (¢s < 1), then cos Cs _ 1, sin Cs _ Cs, and sin 2 Cs _ 0; therefore,

cots
COUmc°s2 ( Om -- Os ) T Um sin 2 (Om -- Os ) W Cs ( coumcormrm _zm ÷ coWm _ c°s( Om -- Os )corm] (A37)

COV s

_ (COum COUmUmrm COS(Ore -- Os)sin(Om - Os) ÷ dPS_zm Sin(Om -- Os) (A38)
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OWs OWm

Ors 0rm
[Oum cos2(0 m _ 0_) +

cos(0m - 0_) - ¢_ /0rm
_°m sin2(0m _ Os) + OWm ]
rm Ozm ]

(A39)

urn)0.s s [0_<OOs rs sin(0m -- Os) cos(0m - 0 " [" OUm

Owm sin(0m - Os)
+um sin(0m - Os) + uoo sin(0oo - Os) + Csrs _rm

_s --rs sin2(Om-Os)+--cos2(Om-Os) -UmCOS(Om-Os)-UocCos(Oco-Os)t m Trn

[ (OUm Um)sin(Om_Os)cOS(Om_Os)+UmSin(Om_Os)+Uoosin(Ooc_Os)]OWs OWm sin(Ore -- Os) -- Os rs _ Orm -_moo--7= "Tm

Ou_ Ou_ r Oum

- _ _ cos(Ore - 0,) + _m - ¢_ [/_" _ cos(O., -- 0_) OWm ]- r_ -- + u_ cos(0m - 0_) + uoo cos(0_ - 0_)
OZm

OVs OUm OUm .

&m]Oum cos(0m - 0s) + rm
-- --Um eos(Om -- Os) -- Uoo cos(Ooc -- Os) -- Cs Wm + rs _zm Orm J

(A40)

(A41)

(A42)

(A43)

(A44)

(A45)

Small Angle Approximation for Cs -- 0

If Cs = O, then
OUs

Or s
Oum cos2(O m _ Os) + Urn sin2(O m _ Os)
Orrn rrn

OVs __ ( OUm

Ors \ Orm Um) e°s(Omrm- Os)sin(Ore - Os)

Ow s OWm

Or s OTto
COS (Ore -- Os )

Ous {Oum_).-- rs .....
_s _,Orm sin(Ore Os) cos(Ore Os) +Um sin(Ore Os) + uoc sin(Ooc Os)

Ors [ OUm ]-_s -- rs [ O----_msin2(Om -- Os) + Urnrmc°s2(Om -- Os) -- Um COs(Ore -- Os) -- uoo cos(Oeo -- Os)

OWs Owm sin(Ore -- Os)
OOs -- rs _rm

OUs OUm
- rs-- Cos(Ore - Os) + Wm

OCs OZm

OVs OUm
-- rs-- sin(Ore -- Os)

OCs Ozm

---  mco (0m - os) os)

(A46)

(A47)

(A48)

(A49)

(A 0)

(A51)

(A52)

(A53)

(A54)
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Table 1. Input Data for Airborne Windshear Doppler Radar Simulation Program

Simulation parameters:

Aircraft distance to touchdown, km .......................... Variable a

Aircraft velocity, knots .................................. 130

Glide slope angle, deg .................................... 3

Number of complete scans .................................. 6

Time between scans, sec ................................... 3

Roll attitude, deg ...................................... 0

Pitch attitude, deg ..................................... 0

Yaw attitude, deg ...................................... 0

Azimuth integration range/2, deg .............................. 5.0

Azimuth integration increment, deg ............................. 0.2

Elevator integration range/2, deg .............................. 5.0

Elevator integration increment, deg ............................. 0.2

Range integration increment, m ............................... 100

Random number seed (0-1) ................................ 0.224

Runway number ..................................... 26

Right (1) or left (2) ..................................... 2

Microburst and clutter:

Microburst type (1 -- 3D, 0 = 2D) ............................... 1

Rotation of 3D microburst, deg ............................... -90

Along track offset from touchdown, km ........................ Variable a

Cross track offset from touchdown, km ............................ 0.4

Rain standard deviation, m/s ................................ 1

Clutter standard deviation, m/s .............................. 0.5

Clutter calculation flag (1 -- ON, 0 -- OFF) .......................... 1

Discrete calculation flag (1 -- ON, 0 ---- OFF) .......................... 1

Reflectivity calculation threshold, dBZ ............................ -14

Minimum reflectivity, dBZ ............................... -15

Attenuation code (0, 1, 2) ................................ 2

Radar parameters:

Initial radar range, km ................................ 0.425

Number of range cells ................................... 30

Antenna azimuth--if no scan, deg ............................... 0

Total number of scan lines (odd number) ........................... 15

Azimuth scan increment, deg ................................. 3

Antenna elevation, deg ................................... 3

Autotilt range, km ................................. Variable a

Autotilt maximum elevator, deg ............................... 5

Autotilt minimum elevator, deg ............................... -1

Transmitted power, W ................................... 200

Frequency, GHz ...................................... 9.3

Pulse width, _s ....................................... 1

Pulse interval,/_s .................................... 268.6

Receiver noise figure, dB ................................... 4

Receiver losses, dB ..................................... 3

Antenna type ........................................ 3

aValues shown in table 2.
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Antenna radius, m ................................... 0.3048

Aperture taper parameter ................................ 0.316

Root-mean-squaIe transmitter phase jitter, deg ........................ 0.2

Roct-mean-squale transmitter frequency jitter, Hz ....................... 0

Signal processing:

Number cf pulses ..................................... 128

Number cf analog-to-digital bits .............................. 12

Auto gain control gain factor ................................ 0.6

Processing threshold, dB ................................... 4

Clutter filter code (-2 to N) ................................. 2

Clutter filter cutoff, m/s ................................... 3

Number cf bins for F-factor aveIage .............................. 7

Threshold for F-factor algorithm .............................. 0.4

Model order autoregressi,_e .................................. 5

Data products:

Alarm program data code .................................. 1

Comma separated values plot cutput code ........................... 1

Inphase quadrature phase data output code .......................... 0

Autoregressive ccefficient code . . .............................. 0

Autoregressive spectra data code ............................... 0

Fourier spectra data code .................................. 0
Start scan number ..................................... 1

Fink, h scan number ..................................... 6

Start line number ...................................... 7

Finish line number ..................................... 7
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Table2. Input DataVariablesfor AirborneWindshearDopplerRadarSimulationProgram

Variable
Aircraft distanceto touchdown,km
Microburstalongtrackoffsetfromtouchdown,km
Autotilt range,km
Elevationangleabovehorizon,deg

Input datafor simulationat--
100m 200m
2.309 4.217
2.892 0.984

8 8
1.185 0.470

300m 400m 500m 600m
6.125 8.033 9.941 11.849

-0.924 -2.832 -4.741 -6.649
0 0 0 0
0 0 0 0

Table3. MicroburstEventsUsedin FlightTestDataAnalysis

Event
number

438
454
463
464
548
553
554
555
556
573

Location
Radarreflectivity,

dBZ
Altitude,m

MaximumAverageMinimum
411.2 296.0 243.4
559.8 358.8 269.1
395.0 285.2 248.8
453.9 323.1 257.0
498.3 328.9 252.9
377.5 290.2 235.1
478.3 294.3 224.2
439.9 299.4 240.2
537.9 340.7 232.4
391.9 279.9 222.3

Denver 20-25
Denver 10-20
Denver 1525
Denver 15-25
Orlando 35 45
Orlando 45 50
Orlando 30 45
Orlando 35-40
Orlando 40 45
Orlando 25 35

In situ F In situ Fv

Maximum MinimumMaximumMinimum

0.1167 -0.1014 0.0388 -0.0192

0.0980 -0.1319 0.0229 -0.0210

0.0881 -0.0511 0.0175 -0.0091

0.1313 -0.0584 0.0311 -0.0119

0.1448 -0.0807 0.0315 -0.0195

0.1470 -0.0946 0.0504 -0.0094

0.1269 -0.0321 0.0252 -0.0130

0.1318 -0.0623 0.0234 -0.0117

0.0933 -0.0687 0.0133 -0.0206

0.1202 -0.0804 0.0167 -0.0134

Table 4. Averaged Fv Errors From Flight Test and Radar Simulation
Results at 300-m Altitude

Averaged Fv errors for

Linear model Empirical model
Test Mean Standard deviation Mean Standard deviation

Simulation at

300 m, t = 49 min 0.0188 0.0218 0.0100 0.0274

300 m, t = 50 min 0.0313 0.0255 0.0196 0.0285
300 m, t = 51 min 0.0415 0.0251 0.0326 0.0244

Flight 0.0001 0.0087 -0.0007 0.0093

Flight corrected to 130 knots 0.0002 0.0147 -0.0012 0.0157
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Figure 11. Radar simulation measurement grid.
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Figure 14. Vertical wind and linear correlation coefficient of radial wind profile at six scan altitudes for
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Figure 28. True F, Fh, and Fv at six scan altitudes for asymmetric microburst case.
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Figure 29. True F and F computed from linear and empirical models with radar measurement errors at six
scan altitudes for asymmetric microburst case.
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